Soybean is an important crop in the Democratic Republic of Congo, a country faced with high levels of war induced malnutrition but its productivity is limited by poor soil fertility coupled with low access to nitrogen mineral fertilizers. Commercial rhizobia strains introduced in 2010 failed to adapt and increase soybeans yields at desired level. We studied the performance of six indigenous rhizobia strains in enhancing soybean productivity compared to two commercial strains USDA110 and SEMIA5019. The study was carried out in the greenhouse and field of Kalambo station of International Institute of Tropical Agriculture (IITA), D. R. Congo during 2016/2017 cropping season. The treatments included: (1) N-, control without inoculation and N-fertilizer; (2) N+, non-inoculated control with 80 kg of N ha −1 ; and inoculated with (3) commercial strain Bradyrhizobium diazoefficiens USDA110; (4) commercial strain Bradyrhizobium elkanii SEMIA5019; (5) local strains Bradyrhizobium japonicum NAC17; (6) NAC22; (7) NAC37, (8) NAC42 (9) NAC 46 and (10) NAC78. Greenhouse and field experiments were laid out as completely randomized design and randomized complete block design respectively. The best inoculation treatments across all experiments were the indigenous strains NAC46 and NAC17 which nodulated equally or better than the commercial strain USDA 110. In the field NAC46 and NAC17 increased soybean grain yield from 2.4 to 3.3 t ha -1 and 3.4 t ha -1 ; indicating the increase of 68.7 and 70.8% respectively, over the commercial strain USDA110. The results demonstrated that indigenous rhizobia NAC46 and NAC17 would thus be the silver bullet to enhanced BNF and soybean yields in South Kivu province of Democratic Republic of Congo.
INTRODUCTION
Soybean, Glycine max (L.) Merr. is an important crop worldwide and is becoming even more important and popular in South Kivu due to its potential to curb high malnutrition (Hartman et al., 2011) . Soybean was introduced in Africa from Asia in the 19 th century (Khojely et al., 2018) to address the need for cropping systems diversification dominated by maize (Giller et al., 2011) . In these systems, soybeans enhance soil fertility through their ability to fix nitrogen (N) from atmosphere in symbiotic relationship with rhizobia bacteria through the iological Nitrogen Fixation (BNF) process (Collino et al., 2015) . At the same time, this crop provides smallholders farmers the opportunity to increase their households' income while fighting malnutrition issues because of their important nutritional value in terms of protein, amino acid and micronutrient (Arslanoglu, 2011; Xu et al., 2015) .
Since the last decades, in South Kivu province of Democratic Republic of Congo, where the economy depends largely on agriculture (Jeníček and Grófová, 2016; Maass et al., 2012) , there is an increase of soybean demand due to the presence of market created by the development of livestock (Rudel et al., 2015) and industry of soybean processing (Bisimwa et al., 2012) . The most common soybean based formula consumed in South Kivu province includes soy infant formula (Bahwere et al., 2016; Owino et al., 2011) , soymilk, soy oil, soybean flowers, soybean biscuits, soybean spices, soybean meat, soybean bread and cakes and soybean waste industry used as animal feed (Shurtleff and Aoyagi, 2009 ). This crop is essentially cultivated by smallholders' farmers and maintained by women to improve nutrition and generate income for their households, and by youth to pay costs of their education (CIALCA, 2010) .
In South Kivu, farmers generally plant legumes, including the soybean without adding mineral fertilizers because they are neither available nor affordable and less economic to them (Lambrecht et al., 2016; Pypers et al., 2011a; Vanlauwe et al., 2010) . Therefore, soils have been depleted due to a continuous cropping without soil replenishment as consequence of population pressure (Bashagaluke, 2015) . In that case, crop yield depends upon N fixation by native rhizobia that are not always effective (Ojo et al., 2015) thus obtaining low yields, estimated at 0.5 t ha -1 (FAO, 2018) .
Inoculation of soybean with appropriate, highly effective, adapted and compatible rhizobia has been stated as the most economic (Chianu et al., 2011) , productive (Saturno et al., 2017) and environment friendly (Collino et al., 2015) mean to improve crop yield. Two main approaches have been pursued by research international organizations to improve soybean yield: first, promiscuous soybean cultivars were developed to nodulate freely with native rhizobia (Tefera, 2011) ; second, inoculation with highly effective rhizobia strains has been promoted (van Heerwaarden et al., 2018) . In that line, commercial inoculants, Biofix Legume Ndusha et al. 2039 inoculants, containing Bradyrhizobium diazoefficiens USDA110 strain, was introduced among South Kivu farmers by N 2 Africa program since 2010 (www.n2africa.org) and disseminated among farmers by agricultural extensions services and humanitarian organization.
From trials and farmer's fields results, the commercial inoculants increased legume yield from 500 to 1343 kg ha -1 (van Heerwaarden et al., 2018) , but still not at desired levels in certain farms and with no increase in other farmers, while the potential soybean yield is above 5000 kg ha -1 (Salvagiotti et al., 2008; Zanon et al., 2016) . That low improvement was attributed to the effect of environmental and edaphic conditions on the introduced commercial strains in addition to the failure to overcome the competition barriers opposed by native rhizobia (van Heerwaarden et al., 2018) .
Numerous studies in Africa have shown the presence of effective rhizobia strains among indigenous rhizobia populations (Chibeba et al., 2017; de Almeida Ribeiro et al., 2015; Musiyiwa et al., 2005) . In addition, indigenous rhizobia have been described by many studies as being persistent, well adapted to local conditions and therefore can compete successfully at the expense of exotic strains for nodule occupancy and N fixation (Fening and Danso, 2002) . From past results on genetic diversity on indigenous rhizobia nodulating soybeans in Africa and in South Kivu, some indigenous rhizobia clustered together with the commercial strains USDA110 (bootstrap value: 99%) showing possible relatedness of indigenous strains with this commercial strain. There is need to test these indigenous strains related to the commercial strain and identify indigenous strains suitable for South Kivu environment and edaphic conditions. We tested six indigenous rhizobia strains for their competitiveness ability to improve soybean nodulation and yield compared to the commercial strains USDA110 and SEMIA5019 in order to characterize and isolate indigenous strains with potential to be included in soybean inoculants.
MATERIALS AND METHODS

Study area
The study was carried out in South Kivu province of Democratic Republic of Congo, in the greenhouse and station field of International Institute of Tropical Agriculture (IITA), Kalambo station. South Kivu is one of the 25 provinces of Democratic Republic of Congo, located in Eastern between 1°36' -5° South and 26°49'-29°20' East and the surface is estimated to be 69,130 km 2 with 3.8 million people of population with the estimated density of 91 people per km 2 (Pypers et al., 2011) . It is recognized as a high humid forest zone depicted by high vegetation diversity (Potapov et al., 2012) and highlands. Soils are mostly Dystric, Humic Nitisols and Humic Ferralsols (van Engelen et al., 2006; Eswaran et al., 1997) . This region has a tropical climate, the Aw3 type according to Koppen classification with an average annual rainfall of 1500 mm and mean temperature of 18°C (Nash and Endfield, 2002) . Agriculture is the main activity contributing more than 50% to the GDP of this province (CIALCA, 2010) . Most of the farms have the characteristics of smallholders farming systems characterized by the farm size ranging from 0.5-1 ha (Pypers et al., 2011) . The main cultivated crops include cassava, common beans, maize and banana (Maass et al., 2012) . Soybean crop has been promoted since 1990 to deal with high malnutrition caused by repetitive wars (Kismul et al., 2015) and since then its cultivation is increasing (FAO, 2018) . This province has been the site of repetitive armed conflicts and rapes (Bartels et al., 2013) .
Soils sampling and analysis
Selected field had no history of neither rhizobia inoculation nor soybean cultivation. Two weeks before sowing, twenty composite soil samples were collected from 0-20 cm depth along the field diagonal (Carter and Gregorich, 2008) . Soil samples were pretreated (air dried and sieved through a 2 mm perforation size) prior for analysis. Total soil organic carbon was determined by the modified Walkley-Black (Okalebo et al., 2002) , total N and available phosphorus were determined by the Kjeldahl and Olsen methods, respectively (Anderson and Ingram, 1993) . Exchangeable potassium, Magnesium and Calcium were determined by Mehlich 3 method (Okalebo et al., 2002) . Soil pH was determined using the 1:10 water method and measured by the seven compact, S210 Metler Toledo pH meter, after 60 min after agitation. The population of native rhizobia was determined by the plant infection technique (Somasegaran and Hoben, 1994) (Table 1) .
Rhizobia culture and inoculant preparation
Six indigenous rhizobia and two commercial strains used in this study were obtained from IITA/Kalambo station rhizobiology laboratory selected based on their high effectiveness index (Ndusha, 2014) and high genetic similarity compared to the commercial strain USDA110 (Ndusha et al., in press ). These rhizobia strains were streaked on Yeast Extract Mannitol broth (YMB) (Somasegaran and Hoben, 1994) , incubated at 25°C until turbid until the concentration attained 10 9 cells ml -1 . Inoculants were prepared from indigenous rhizobia cultures using sterilized peat as carrier material, incubated for two weeks and applied at the rate of 10 g kg seed -1 with 20% sugar-water (w/v) used as adhesive following the two-step inoculation method of Woomer (2011) .
Trial management and experimental design
Three experiments were carried out to compare six outperformed strains from our past study (Ndusha, 2014) with two commercial strains USDA 110 and SEMIA5019: 1) Effectiveness testing in potted field soils in the greenhouse using two types of soils (Table  1) , 2) on station field testing, and 3) finally assessing the growth rate and ability of utilizing different carbon sources on YMA media.
Indigenous rhizobia testing in controlled conditions
Greenhouse experiment was established in the greenhouse at Kalambo station of IITA; temperature in the greenhouse varied from 22 to 38°C. Two site soils; from Walungu and Kalehe village, were used as substrate in 3 L pot containers. The two villages were selected because they are all soybean production zones and their soils conditions are very different (Table 1) . Sterilized 3 L capacity PVC pots were filled with 2.5 kg of soil and covered with a sterile plastic plate with limited access to limit contamination. Soybean seeds were surface sterilized using the pre described procedure (Somasegaran and Hoben, 1994) , pre-germinated in agar plates; and 3 seeds per pot were sewed, thinned to 2 after emergence for appropriate spacing. Seeds were inoculated with 1 ml of broth pre cultured (described in section 2.3). For the mineral N control, urea was applied at a rate of 80 kg ha -1 (Pypers et al., 2011) . Watering was done regularly at the frequency of 3 per week adjusted according to plant needs. After 7 weeks, at early flowering, plants were harvested; nodules counted, weighted and shoot weight determined by weighing after oven dried at 70°C for 48 h. A Completely Randomized Design consisting of 10 treatments including 6 indigenous rhizobia and 2 commercial strains (SEMIA5019 and USDA110), and non-inoculated pot with (N+) and without mineral N (N-), with 3 replicates was established. Promiscuous soybean (SB24) was used as the test crop, selected for their high adoption among farmers (Walangululu et al., 2014) .
Indigenous rhizobia testing in field condition
A field experiment was established in the station field of IITA Kalambo located in Murhesa during 2015-2016 long rains (September to January). Soils characteristics of field were determined (Table 1) . Six indigenous rhizobia strains were compared to 2 commercial strains USDA110 and SEMIA5019 on promiscuous soybean variety SB24. The experiment was laid out as Randomized Complete Block design with 3 replicates. The treatments included: (1) N-, control without inoculation and Nfertilizer; (2) N+, non-inoculated control with 80 kg of N ha −1 ; and inoculated with (3) commercial strain B. diazoefficiens USDA110; (4) commercial strain Bradyrhizobium elkanii SEMIA5019; (5) local strains Bradyrhizobium japonicum NAC17; (6) NAC22; (7) NAC37, (8) NAC42 (9) NAC 46 and (10) NAC78. Each plot measured 6 m x 4 m, seeds were planted in rows 45 cm apart and at 5 cm intervals. To avoid cross contamination, plots were separated by four noninoculated lines. Legume inoculants were prepared from isolates subsequently described in the paper.
The trial management was done according to known farmer's practice; weeding as per need before the canopy closure. The intensity of green color in leaves was measured at different growth stages using a chlorophyll meter (Dey et al., 2016) . Plants were assessed for nodulation at flowering stage, seven weeks after planting. Plants were carefully uprooted, roots washed, nodules counted, oven-dried for 48 h at 70°C and dry weight recorded. Soybean grains were harvested at maturity (4 months), dried and dry weight recorded.
Data analysis
Data were subjected to analysis of variance (ANOVA) using the software R version 3.5.1. When differences between treatments were detected, Tukey test was used to compare means at p >0.05 level of significance. Relative effectiveness (RE) was determined by dividing the shoot dry weight of treatment over that of the N+ treatment, in the same block (Chibeba et al., 2018) .
RESULTS
Phylogenetic relationship between indigenous strains and commercial strains
Indigenous rhizobia isolated from Congo phylogeny was determined based on the housekeeping gene gnlII. The tested isolates and commercial strain USDA 110 tended to cluster together with bootstrap value of over 90% (Figure 1 ).
Nodulation and shoot dry weight of indigenous rhizobia recorded in the greenhouse
Nodules number reported in the greenhouse varied significantly among strains (p=0.0001) and between the two soils types (p=0.0203). The recorded nodules number varied from 3 nodules to 21 nodules per plant in Walungu soil while it varied between 1 to 36 nodules per plant in Kalehe soil. The highest nodules number in Walungu was recorded by the indigenous strain NAC46 and NAC76 (±21 nodules per plant), followed by commercial strains (USDA110 and SEMIA 5019) and indigenous strains (NAC22, NAC17 and NAC37). The lowest number of nodules in Walungu site soils was recorded by the treatment without inoculation but with mineral N fertilizer (N+), where recorded nodules number averaged only 3 nodules per plant ( Table 2 ). The highest number of nodules in Kalehe soil was recorded with the same indigenous strains NAC46 and the control (N-) (average 34 nodules per plant), followed by NAC76 (21 nodules per plant) ( Table 2 ). The lowest nodules number per plant was also reported with the treatment N+, where the nodule number averaged only 1.
The nodules dry weight (DW) recorded in the greenhouse experiment also varied between site soils and among strains (p=0.0001). The highest nodules dry weight was recorded in Kalehe soil (average 0.373 g per plant DW) while the lowest nodules weight was recorded in Walungu soil (average 0.284 g per plant DW). The inoculation with indigenous strains NAC46 produced the highest nodules weight followed by NAC37 and NAC76 in Walungu soil (Table 2 ). The lowest nodules weight was recorded with N+ control for both soils.
Shoot dry weight variation (p=0.0012) was recorded only in the Kalehe soils while in Walungu no difference was recorded among the inoculated strains. In Kalehe soils, the highest shoot weight was recorded by N+ control (9.6 g plant DW), followed by indigenous strain NAC46, and by the commercial strain SEMIA5019. The lowest shoot dry weight in Kalehe soils was recorded by the indigenous strain NAC37 (5.9 g plant DW) ( Table 2) .
Nodule number, nodule dry weight, shoot dry weight, leaf greenness, plant height and crop yield recorded in the field study
In the field, all treatments produced nodules but their number varied greatly across treatments (p< 0.0001). The nodules number varied from 30 to 69 nodules per plant. Even the non-inoculated and not fertilized (N-and N+) control plants nodulated abundantly (average 40 nodules per plant). The highest nodule number was recorded by the treatments of both indigenous and commercial strains, which did not differ among them, except for NAC42, with a lower number of nodules (Table   3) . Nodules dry weight did not vary with the treatments but shoot dry weight significantly varied among rhizobia strains (p< 0.0001). The highest biomass was recorded with the indigenous strain NAC17 (8.0 g plant DW), followed by NAC46, even higher than the commercial strains USDA110 and SEMIA5019. The lowest shoot dry weight was recorded by the treatment N-control (5.8 g plant DW) ( Table 3) .
The plant leaf greenness also varied among treatments (p< 0.0001). The highest intensity of green color measured on leaves was recorded by the indigenous strains NAC17 and NAC46 (Table 3 ). The lowest green color intensity was recorded by the control N-and the indigenous strain NAC76 (about 55) (Table 3) .
Plant height also varied significantly across treatments (p< 0.0001). The highest plant height was recorded by the indigenous rhizobia strain NAC17 (64 cm), followed NAC22 and NAC37. The commercial strain SEMIA5019 took the third place while USDA 110 took the fourth position. The lowest treatment in terms of plant height was the treatment NAC46 (55 cm) ( Table 3 ). Grain yield also varied across treatments. Yield improvement was recorded by the indigenous strains NAC17 and NAC46 that yielded 1.4 fold than the commercial strain USDA110 and 1.6 fold than the application of N (N+). The lowest grain yield was recorded by the treatment N-, followed by N+ (Table 4 ).
Relative effectiveness of indigenous rhizobia strains compare to the reference strains
In the greenhouse, the effectiveness of all tested isolates did not exceed the reference treatment N+ but the indigenous rhizobia NAC46 had a relative index higher than the commercial strains USDA110 and SEMIA 5019 ( Figure 2 ). However, in the field, the relative effective index by the 3 indigenous rhizobia strains (NAC17, NAC46 and NAC37) exceeded both commercial strains and control with N (N+) (Figure 3 .)
DISCUSSION
Effectiveness of indigenous strains under controlled environment
In the greenhouse (controlled environment), there was significant differences in nodulation among treatments in the two soils highlighting the need to inoculate the soils of the two sites. These differences may be explained by the low abundance or less effectiveness of native rhizobia population in the Walungu and Kalehe soils (Table 1) . Sanginga and Okogun (2003) and Osunde et al. (2003) stated that inoculation responses are more likely to occur when there are less than 10 3 cells of indigenous or naturalized rhizobia per gram of soil or when the native rhizobia are less effective. The same results were found by Koskey et al. (2017) in their study on potential of native rhizobia in enhancing N fixation and crop yield of climbing beans in contrasting environments of Kenya, the yield improvement and nodulation of introduced rhizobia strains depended largely on the number of viable native rhizobia in the soil.
There was significant difference in nodulation between the two sites soils, higher nodules number was produced in Kalehe soils (Table 2) . This is because of the differences in soils conditions (Table 1) . Nodulation depends on a number of soils factors, especially the soil pH (Lapinskas, 2007) , P availability and the indigenous rhizobia abundance and effectiveness (Sanginga et al., 1996; Singleton and Tavares, 1986; Slattery, 2004; Thies et al., 1991) . Kalehe soil has better conditions for growth and survival of rhizobia bacteria namely the neutral pH and higher P content compared to Walungu soil (Table  1) . This result is in concordance with other authors, for example Gyogluu et al. (2016) who assessed the symbiotic response of soybeans to inoculation by different B. japonicum strains at 3 experimental sites in Mozambique. They found response variation depending on different sites and suggested that there are specific effects of sites on nodulation and dry matter improvement by rhizobia. This observation is also in agreement with Boucho et al. (2019) ; they found that the response to inoculation is highly affected by soils conditions and for their case phosphorus availability in the soil promote nodulation and biomass. Therefore, this study suggests the improvement of soils conditions prior to inoculation such as liming where soil pH is low and phosphorus application should be considered for maximization of inoculation response.
A significant difference in shoot dry weight (biomass) improvement in the greenhouse was observed only in Kalehe soils. The non response in Walungu soils may be explained in terms of the low pH and low P levels, which limited the process of nitrogen fixation despite the presence of nodules. The same observation was done by a study conducted in Argentine by Collino et al. (2015) ; they observed variation of BNF depending on crop, soil and meteorological factors. This study also revealed differences among strains in both nodulation and shoot dry weight improvement which is primarily due to their genetic differences. Other studies conducted in Africa have similarly reported consistent variation in symbiotic effectiveness among indigenous rhizobia strains (Abaidoo et al., 2007; Chibeba et al., 2017 Chibeba et al., , 2018 and consequently this study further contributes to the evidence that effective rhizobia do occur in African soils.
Effectiveness of indigenous strains under field conditions
In the field, nodules were observed on all treatments including the non inoculated control without nitrogen N-; the non inoculated control produced even higher nodules number compare to the inoculated plots. This is due to the presence in soils of natives and compatible rhizobia. Many studies have demonstrated that effective rhizobia can be presented in some soils but they are less efficient (Abaidoo et al., 2007; Gyogluu et al., 2016; Jaiswal and Dakora, 2019; Wongphatcharachai et al., 2015) . These less efficient indigenous rhizobia strains can be even more competitive than the inoculants and occupy a significant portion of the nodules, reducing the impact of the introduced inoculant strain on improving BNF (Batista et al., 2015) . The same observations were made by Irisarri et al. (2019) who observed a higher nodules occupation by native rhizobia compared to introduced strains. This has important practical implication for agriculture to the effect that selection of rhizobia for improving BNF and legume productivity must be done among native population, and be provided in higher concentration through inoculants. Furthermore, the host plant show preference on native rhizobia compared to exotic strains (Osunde et al., 2003) . Only the N+ control produced very few nodules. This is attributable to the fact that the presence of mineral nitrogen inhibits the biological nitrogen fixation by inhibiting the nodules formation and nitrogenase activity. This result is in agreement with a study conducted by Ulzen et al. (2016) who reported very few nodules with the application of 100 kg of nitrogen. In addition, many authors have stated that N doses as low as 20-40 kg of N/ha may highly decrease nodulation and BNF, with no benefits to yield (Hungria et al., 2005 (Hungria et al., , 2006 Saturno et al., 2017) .
The differences in nodulation among tested strains in response to inoculation may be attributed to the fact that natives or naturalized rhizobia were less effective in one hand and on the other hand introduced strains were highly effective. This results are in line with those of Osunde et al. (2003) who tested the nodulation of two soybean promiscuous varieties by introduced elite rhizobia and indigenous rhizobia. The introduced rhizobia through inoculants were less competitive but highly effective compared to native rhizobia. The differences in nodulation may be ascribed to their genetic makeup expressed through symbiotic efficiency, competitiveness for nodule occupancy, compatibility with the host plant and adaptive ability to soil stress conditions (Tas et al., 1996) . The indigenous rhizobia NAC17 and NAC46 produced higher number of nodules compared to the commercial strain USDA110 suggesting that these strains had higher symbiotic efficiency and higher adaptation ability to local conditions compared to the commercial strains. The increase of leaves green color noted in the native strains compared to the control may be because of nitrogen being the major constituent of chlorophyl that confers green color to the plants. Inoculation improves nitrogen content in leaves and thus promotes the formation of chlorophyll which is also important for photosynthesis (Sinclair, 2004; Hakeem et al., 2012) . The same results were observed by Abaidoo et al. (2007) who classified rhizobia isolates tested into four symbiotic phenotypic groups based on green color intensity. The less effective group was composed by isolates that recorded lower green color intensity on leaves of soybean genotypes.
In the field, the significant differences of shoot dry weight were observed among treatments as result of enhanced nodulation. Nitrogen is the component responsible for vegetative development; it has been demonstrated that up to 80% of the above-ground N accumulation in soybean is due to N fixation by rhizobia (Hungria et al., 2006) . The N-control produced a higher number of nodules but lower shoot dry weight. This is as a result of the native rhizobia being less effective (Osunde et al., 2003) . The same observation has been made by Chibeba et al. (2018) who observed that an appreciable proportion of rhizobia population in Mozambican soils was composed of ineffective rhizobia. The N+ control produced high shoot dry weight; this is mainly as a result of the mineral N being absorbed by the plant at early stages compared to the fixed N and thus improved vegetative formation (Saturno et al., 2017) . This is in agreement with the findings of Kinugasa et al. (2012) who found that higher biomass production did not result in grain yield increase. This study demonstrated significant differences in yields among treatments. There was yield improvement with inoculated plots compare to the plots where N had been applied and N-control. The indigenous strains NAC46 and NAC17 increased yields by 1.7 and 1.6 fold respectively compared to the N+ control, 2.2 folds compared to the N-control and 1.4 and 1.3 fold compared to the commercial strain USDA110.These yield gains are within the 3.2-14.5% interval of inoculation yield benefit reported in Brazil (Hungria et al., 2006) and in Mozambique (Chibeba et al., 2018) . This study has further confirmed the findings of Chibeba et al. (2017 Chibeba et al. ( , 2018 and Hungria et al., (2005 Hungria et al., ( , 2006 that BNF is the most efficient way of improving soybean productivity.
Conclusion
The best strains across all the experiments are NAC17 and NAC46 with average yields gain 60-70% over commercial strains and controls. These results suggest that these indigenous strains hold the best potential as commercial inoculants in South Kivu soils conditions. USDA 110 and SEMIA 5019 are also effective but it is preferable to use adapted and competitive strains. Therefore, the native strains are likely to adapt well not only in South Kivu, but also in other countries with similar agro-climatic conditions.
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